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The 1998 -2002 droughts spanning the United States, southern Europe, and Southwest Asia were linked through a common oceanic influence. Cold sea surface temperatures (SSTs) in the eastern tropical Pacific and warm SSTs in the western tropical Pacific and Indian oceans were remarkably persistent during this period. Climate models show that the climate signals forced separately by these regions acted synergistically, each contributing to widespread mid-latitude drying: an ideal scenario for spatially expansive, synchronized drought. The warmth of the Indian and west Pacific oceans was unprecedented and consistent with greenhouse gas forcing. Some implications are drawn for future drought.
Prolonged below-normal precipitation and above-normal temperatures led to drought during 1998 -2002 over an extensive swath of the Northern Hemisphere mid-latitudes spanning the United States, the Mediterranean, southern Europe, and Southwest and Central Asia (1-3). As little as 50% of the climatological annual average precipitation fell in these regions during the 4-year period ( Fig. 1 , right panel), and the bulk of that deficit resulted from a failure of the normally abundant winter and spring rains. Moisture deficits were aggravated by increased moisture demand resulting from above-normal temperatures ( Fig. 1 , left panel) that reached record proportions in recent years over the land areas (3). Did these regional droughts share a common influence? Were slow, external forcings responsible for sustaining drought conditions simultaneously across a wide expanse of the mid-latitudes? In light of scientific evidence that the warming during the late 20th century is consistent with the expected impact of increased greenhouse gases (4), it is plausible that human activities played a role to the extent that the unusually warm land temperatures evident in Fig. 1 contributed to desic- cation. Yet the recent droughts were most remarkable for their large deficits in precipitation, and the results of climate-change research on the response of precipitation are more ambivalent. It is considered likely that increased greenhouse gases intensified the global hydrologic cycle in the latter half of the 20th century, a process that would render some regions wetter and others drier and would also increase the likelihood for extreme precipitation (4, 5) . What is not well known, and what limits an attempt to attribute the current drought to global warming, is how precipitation would respond regionally.
Anomalous states of tropical sea surface temperatures (SSTs) also are known to cause planetary-scale climate disruptions (6) . El Niño-Southern Oscillation (ENSO) strongly influences patterns of seasonal precipitation in the tropics and portions of the midlatitudes (7-9). As will be shown, the 1998 -2002 period of drought coincided with a protracted cold phase of ENSO (La Niña). Studies of La Niña impacts show a drying over the southern United States during boreal winter and spring, and a drying over western Europe and the Mediterranean throughout the seasonal cycle (8 -10) . It has also been speculated that the cold SSTs in the east Pacific, together with above-normal SSTs in the Indian and west Pacific during this period, may have caused the Asian drought (11) . These investigations support the hypothesis that the regional droughts during 1998 - 2002 may have resulted from oceanic sources related to ENSO. Of course, the atmosphere alone, independent of oceanic or other external forcing, can cause synchronous covariability of climates that circumscribe the globe (12, 13) . These zonally symmetric, annular-like modes are associated with meridional displacements of the westerly jets and their storm tracks at all longitudes, which can create a situation conducive for drying of the lower mid-latitudes. Dynamical studies (13) indicate the existence of regional centers of action within these annular mode states over Southwest Asia, the North Pacific, the eastern United States, and Europe. Such a circulation pattern was indeed observed during 1998 -2002. However, the atmosphere carries little memory beyond 1 month, and the question remains as to the cause for the multiyear persistence of an atmospheric circulation pattern that was closely tied to, if not the immediate cause of, the droughts.
Analysis of oceanic behavior during 1998 -2002 reveals a remarkable persistence of tropical SST anomalies that may have provided the necessary steady forcing of the atmosphere. (14) . The 4-year-averaged anomalies exceeded Ϫ3 standardized departures in the east Pacific and ϩ4 departures over the warm pool, confirming the extreme, sustained aspect of the oceanic forcing.
Atmospheric general circulation models (GCMs) forced by the monthly varying global SST anomalies of this period provide strong evidence that the observed pattern of Northern Hemisphere precipitation deficits and warmth over the continents was consistent with a response to oceanic forcing. The results (Fig. 3) are of a multimodel average calculated from three different GCMs (15) , each run in an ensemble mode, yielding a grand 50-member average (16) . The simulations capture the drying over the United States, southern Europe, and Southwest and Central Asia. Despite the model results having been derived from a 50-run average, the amplitude of the observed (single realization) precipitation deficit is recovered by the ensemble mean. This suggests that the observed drying was strongly oceanic controlled, an interpretation also supported by a reproducibility of such drying among individual members of the models' ensembles as well as among the three separate models individually (17) . The amplitude of that drying, however, varies from run to run, with some experiments exceeding the observed precipitation deficits while others are not as dry as observed (17) .
The immediate cause for sustained drought was an equally persistent tropospheric circulation pattern, and Fig. 4 (left) shows the 4-year-averaged 200-mbar height anomalies. An almost uninterrupted zonal belt of high pressure wrapped the middle latitudes.
The GCMs simulate this feature (Fig. 4,  right) and furthermore reproduce the local maxima in high pressure over the North Pacific, the central United States, and Asia. The spatial correlation of the observed and GCMsimulated 200-mbar height anomalies for the Northern Hemisphere poleward of 20°N is 0.7. The drying in the lower mid-latitudes is the direct result of this anomalous pressure pattern, and the atmospheric models confirm it to have been forced by the oceans. The GCM results are much less realistic in reproducing the wavy pattern of height anomalies over polar latitudes; thus, factors other than the oceans may have been responsible for the observed atmospheric circulation anomalies at the high latitudes, although model biases may also be responsible.
The likelihood of a tropical origin for the midlatitude circulation pattern is suggested by the fact that both observed and simulated atmospheric anomalies exhibit strong symmetry with respect to the equator, such that the Southern Hemisphere anomalies during the period mirror those in the Northern Hemisphere (17) . Three additional experiments were performed to isolate the role of the tropical SSTs. In one, the spatial pattern and amplitude of the June 1998 -May 2002 4-year-averaged SST anomaly between 30°N and 30°S (Fig. 5, top) was specified as a seasonally invariant, fixed forcing. In the second, only the anomalously warm SSTs of this field were specified, and in the third only the anomalously cold SSTs were specified (18) . Outside these regions, climatological SSTs were specified. A 20-member ensemble was performed for each scenario, and the annually averaged Northern Hemisphere precipitation response of each ensemble is shown in Fig. 5 (lower panels). Much of the pattern of midlatitude drying seen in observations and in the GCM ensembles forced by realistic monthly varying global SST is reproduced with this simplification of the tropical SST forcing (Fig. 5, left) , as is the pattern of the 200-mbar height anomalies (18, 19) . The anomalously warm and cold portions of the tropical SSTs (Fig. 5 , middle and right) each influence the drying signal over the United States and portions of the Mediterranean and Asia, but reproduction of the full drying pattern appears to require the constructive action of both. This synergy of impacts provides an addition- (20) , and climate proxy records (for instance, ice cores, tree rings, and corals) suggest that this phenomenon has occurred for millennia (21) . Even the persistence of the cold SST conditions during the 4-year period, although unusual, was not unprecedented (10, 22) . This and other evidence indicates that the recent statistics of ENSO have not changed detectably beyond the range of natural variability (23, 24) . On the other hand, the warmth of the tropical Indian Ocean and the west Pacific Ocean was unsurpassed during the 20th century, being embedded within a multidecade warming trend. Climate attribution studies find that this warming (roughly 1°C since 1950) is beyond that expected of natural variability and is partly due to the ocean's response to increased greenhouse gases (25, 26) Using a NaI(Tl) scintillation detector designed to operate in electrically noisy environments, we observed intense bursts of energetic radiation (Ͼ Ͼ10 kiloelectron volts) during the dart leader phase of rocket-triggered lightning, just before and possibly at the very start of 31 out of the 37 return strokes measured. The bursts had typical durations of less than 100 microseconds and deposited many tens of megaelectron volts into the detector. These results provide strong evidence that the production of runaway electrons is an important process during lightning.
Attempts to measure x-ray emission from lightning have been intermittently reported since 1925, when C. T. R Wilson (1) first proposed that the strong electric fields associated with thunderstorms could accelerate electrons to relativistic energies. However, these results have been generally inconclusive because of the sporadic nature of lightning and the electromagnet-
